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Abstract 23 
To understand the chemical structure and stability of molten core-concrete interaction (MCCI) debris 24 
generated by the Fukushima Daiichi nuclear power plant accident in Japan in 2011, simulated MCCI 25 
debris consisting of the U-Zr-Ca-Si-O system and other simpler systems were synthesized and 26 
characterized. 237Np and 241Am tracers were doped for the leaching tests of these elements and U from 27 
the simulated debris. The MCCI debris were synthesized by heat treatment at 1200 C or 1600 °C, in 28 
reductive (Ar + 10% H2) or oxidative (Ar + 2% O2) atmospheres. Subsequently, the debris were used 29 
for actinide leaching tests with water. Zr and Ca formed a solid-solution with the UO2 matrix, such as 30 
(ZryU1-y)O2+x, (CayU1-y)O2+x, and (CazZryU1-y-z)O2, which stabilized the matrix and suppressed 31 
actinide leaching from the simulated debris. On the other hand, the cement components (CaO and 32 
SiO2) in the debris formed a glass-like coating on the debris, which also remarkably suppressed the 33 
leaching of actinides. 34 
 35 
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1. Introduction 43 
On March 11, 2011, a loss of coolant accident (LOCA) occurred at the Fukushima Daiichi nuclear 44 
power plant (NPP) in Japan after a cold shutdown because of an undersea megathrust earthquake and a 45 
subsequent tsunami. The nuclear fuels reacted with the zircaloy (Zry) cladding, control rods, and other 46 
reactor structural materials such as stainless steel and concrete at high temperature, forming molten 47 
mixtures. As a result, a variety of chemical compounds and shapes of nuclear fuel debris were formed in 48 
the reactors under different conditions. For the safe retrieval and long-term storage of the fuel debris in 49 
the decommissioning mission of the damaged reactors, the understanding of the chemical and physical 50 
properties of the fuel debris is critically important. The debris are, however, highly radioactive and release 51 
a lot of heat, which prevents direct access and sampling of them. Therefore, acquired information on the 52 
real debris in Fukushima Daiichi NPP is so far limited to the radiation dose near the debris, the sampled 53 
small precipitates at the bottom of the primary containment vessel (PCV) in unit-1 and unit-3 and inside 54 
the PCV in unit-2, and the morphological information such as picture images of the debris using remote 55 
devices and visualized internal structure images of the PCV using cosmic ray muons [1,2,3,4]. The Tokyo 56 
Electric Power Company (TEPCO) and the International Research Institute for Nuclear Decommissioning 57 
(IRID) reported that the precipitated small particles (ca. 2 m) at the bottom of the PCV in unit-1 consisted 58 
of a Zr-rich solid-solution phase (U, Zr)O2, while a particle sampled inside the PCV in unit-2 had a similar 59 
composition, i.e., (Zr0.64, U0.36)O2, which had a tetragonal crystal structure analyzed by electron diffraction 60 
[2]. The structure and composition of these precipitated particles in the PCV were interpreted by TEPCO 61 
and IRID to be parts of the body of the fuel debris. This is the only information obtained so far regarding 62 
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the chemical character of the real debris in Fukushima NPP by direct analysis, which is obviously 63 
insufficient to assess the risks associated with the debris left in the damaged reactor units and predict the 64 
procedures for the safe handling and storage of the debris in the future.  65 
Therefore, in order to provide supportive information towards understanding the chemical properties 66 
and stabilities of the fuel debris, we have initiated a basic chemical research into the nuclear fuel debris 67 
by synthesizing and analyzing several types of simulated fuel debris in laboratories. In this part of the 68 
study, we categorize the type of debris into slightly damaged fuels (U-O system), fuel-zircaloy (Zry) 69 
cladding debris (U-Zr-O system), fuel-alloy debris (U-stainless steel-O system), and molten core-concrete 70 
interaction (MCCI) debris (U-concrete component-O system). Because of the high and long-term 71 
radioactive toxicity, actinide’s behavior in the debris will have a significant impact on the future 72 
management of the radioactive waste released by the Fukushima NPP decommissioning activities. 73 
Therefore, in previous studies, we reported the crystal structures of the simulated fuel-zircaloy (Zry) 74 
cladding debris (U-Zr-O system) and the leaching behavior of the actinides in it, which are very important 75 
factors indicating the chemical stability of the debris [5-9]. The studies revealed that the formation of the 76 
solid-solution phase ZryU1-yO2 chemically stabilizes the matrix of the debris so that the leaching of the 77 
fission product (FP) nuclides and actinides to seawater and pure water are effectively suppressed by the 78 
interaction between U and Zr. Further, the progress of this solid-solution formation depends on the redox 79 
atmosphere and temperature during the debris generation. Additionally, we recently reported the phase 80 
structure and chemical state of the fuel-alloy debris including Zr (U-Zr-stainless steel components-O 81 
system) by synthesizing the simulated fuel debris [10].  82 
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Following the previous studies, the MCCI debris are investigated in this study by the same procedure, 83 
i.e., synthesis, characterization, and leaching tests of the simulated MCCI debris. Due to the penetration 84 
of the molten core from the reactor pressure vessel to the bottom of the PCV, it is expected that a certain 85 
amount of debris existed as MCCI debris in the damaged reactors of Fukushima NPP [1]. Kitagaki et al. 86 
[11] conducted a thermodynamic evaluation of the MCCI debris using the thermodynamic equilibrium 87 
calculation tools. They concluded that the solid-solution phases, (U, Zr)O2 and (Zr, U)SiO4, were the 88 
expected main phases of the MCCI debris in Fukushima NPP, while the formation of (Zr, U)SiO4 phase 89 
was limited due to the reaction kinetics reason. To reliably predict the distribution of fuel debris including 90 
MCCI debris in the damaged reactors of Fukushima NPP by computer simulations, Hidaka et al. improved 91 
the MCCI computation models [12,13]. To justify the thermodynamic equilibrium calculation, computer 92 
simulations, and accident progression analysis concerning the MCCI debris, a scientific evidence obtained 93 
by a controlled laboratory experiment and analysis is highly necessary, especially in the chemical aspect 94 
of the MCCI debris. Therefore, we synthesized and analyzed the simulated MCCI debris consisting of the 95 
U-Zr-Ca-Si-O system and other simpler systems for a comparison in this study. Concrete is a mixture 96 
generally made from cement, sand, water, and other materials; on the other hand, cement is a powder 97 
consisting of CaO, SiO2, Al2O3, Fe2O3, MgO, and other minor components. As the first step for the MCCI 98 
debris study, we chose CaO and SiO2 as the main concrete components since they generally occupy more 99 
than 80% of the cement. These concrete components were mixed with UO2 and ZrO2 for the synthesis of 100 
the simulated fuel debris. The effect of other cement materials such as Al2O3 and Fe2O3 on the chemistry 101 
of the MCCI debris would be studied in our future work. To conduct the actinide leaching test with minor 102 
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actinides such as Np and Am, their tracers (i.e., 237Np and 241Am) were doped into UO2, and then the 103 
tracer-doped UO2 was used for the synthesis of the simulated MCCI debris. 104 
 105 
2. Materials and methods 106 
2.1 Synthesis of the simulated MCCI debris  107 
As the initial material for the simulated fuel debris, UO2 doped with 237Np and 241Am tracers were 108 
synthesized by the ammonium diuranate (ADU) co-precipitation procedure described in our previous 109 
studies [6,9] using a uranium nitrate solution and the radioactive tracers. The uranium used in this 110 
study was natural uranium. The atomic abundance ratio of 237Np and 241Am to 238U in the tracer-doped 111 
UO2 was evaluated by -particle spectrometry. The procedures of these radiochemical analyses have 112 
been described previously [6]. The obtained atomic abundance of the tracer-doped UO2 is presented 113 
in Table 1. We observe that Am was present in trace amounts, which should not affect the chemistry 114 
of the uranium compounds. The abundance of 237Np was 0.16 atomic % of 238U, which is close to the 115 
composition of Np in the spent nuclear fuel produced by a commercial light water reactor (LWR). This 116 
tracer-doped UO2 was then used for the synthesis of the simulated MCCI debris by mixing it with 117 
ZrO2 and the concrete components (CaCO3 and SiO2), followed by heat treatment. Generally, CaO is 118 
used as cementitious material to construct concrete structures. However, it is difficult to handle CaO 119 
quantitatively in a laboratory experiment due to its strong hygroscopicity. To avoid extra uncertainty 120 
caused by the hygroscopicity of CaO in the composition of the final products, CaCO3 was employed 121 
as the calcium source for the preparation of simulated MCCI debris in this study. CaCO3 has low 122 
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hygroscopicity at room temperature. Moreover, it decomposes to CaO and CO2 at 898 °C, which is 123 
sufficiently lower than the designated heat treatment temperature for this study. 124 
The appropriate amounts of the tracer-doped UO2, ZrO2 (Wako Pure Chemicals Ind., Ltd., Japan), 125 
CaCO3 (Wako Pure Chemicals Ind., Ltd. Japan), and SiO2 (Wako Pure Chemicals Ind., Ltd., Japan) 126 
powders were weighed to prepare the designated compositions as shown in Table 2. The specific 127 
surface areas of the used UO2 and ZrO2 powder were 0.31 m2/g and 2.87 m2/g respectively, which 128 
were measured by BET method in our previous study [9]. They were then well mixed and ground by 129 
an automatic agate mortar (ANM-1000, Mizuho Machining Co., Ltd., Japan) for 30 minutes. For 130 
comparison, simple UO2 and UO2-ZrO2 mixture were also synthesized by the same heat treatment 131 
procedure as that for the MCCI debris. The weighed sample was placed without compaction on a 132 
platinum dish in the central part of a reaction tube made of quartz (for 1200 °C heat treatment) or 133 
alumina (for 1600 °C heat treatment) surrounded by an electric furnace. It was heated for 1 hour at 134 
1200 °C or 1600 °C at a 20 mL/min gas flow of 90 vol.% Ar + 10 vol.% H2 or 98 vol.% Ar + 2 vol.% 135 
O2, respectively. The heating rates up to the designated temperatures are given in Table 2. The ultrapure 136 
Ar (Grade 1), Ar + 10% H2, and standard grade O2 were purchased from Nihon Sanso Co., Ltd., Japan. 137 
To investigate the effect of the redox atmosphere on the formed phases of the synthesized fuel debris, 138 
we controlled the partial pressure of oxygen during the heat treatment by mixing 10% H2 or 2% O2 139 
with ultrapure Ar gas. The log P(O2) values of the 90% Ar + 10% H2 mixed gas and 98% Ar + 2% O2 140 
mixed gas were -13.7 and -1.7, respectively. In the case of heat treatment under reductive conditions 141 
(10% H2), the same 10% H2 gas was introduced into the reaction tube during the temperature-142 
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increasing and -decreasing processes. On the other hand, only ultrapure Ar gas was introduced into 143 
the reaction tube during the temperature-increasing and -decreasing processes in the case of oxidative 144 
heat treatment (2% O2) to avoid extra oxidation of the samples. The initial composition and treatment 145 
conditions of the simulated debris are listed in Table 2. At this study, we have particularly focused on 146 
the effects of the initial elemental composition, the oxygen partial pressure, and the heat treatment 147 
temperature on the formed phases of the simulated fuel debris. Therefore, the heat treatment time and 148 
the gas flow rate were fixed to the constant values for the total of 14 samples. 149 
After the heat treatment, the products were cooled down to room temperature by a rate of 5.6 oC/min, 150 
then, were pulverized by an agate mortar for powder X-ray diffractometry. The X-ray diffraction 151 
(XRD) patterns of the products were measured by a Rigaku MiniFulex 600 diffractometer equipped 152 
with the D/teX Ultra2 detector with Cu-Kα radiation at 40 kV and 15 mA. The diffraction data were 153 
collected from 10° to 120° in 2θ with a step interval of 0.02° at a scan rate of 20°/min. The morphology 154 
and element distribution mapping of the heat treatment products were obtained using a scanning 155 
electron microscope (SEM, SU-1510, Hitachi, Japan) with an energy dispersive X-ray analyzer (EDX, 156 
EMAX ENERGY EX-250, Horiba, Japan). For the SEM-EDX observation, the sample was placed on 157 
an aluminum stage using a carbon double face tape. It was then coated with Au–Pd to increase the 158 
conductivity using a magnetron sputter (MSP-1S, Vacuum Device Co., Ltd., Japan). 159 
 160 
2.2 Leaching test of the radionuclides from the simulated MCCI debris 161 
 For the leaching tests, 40 mg of the simulated fuel debris was immersed without pulverization in 10 162 
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mL of Milli-Q water in a 50-mL polypropylene bottle; the solid to liquid ratio was 4.0 g/L. During the 163 
leaching tests, the sample bottles were slowly shaken in an air bath shaker continuously for 31 days at 164 
25 °C. After shaking, the solution and residue were separated by suction filtration with a 0.45-m-165 
pore-size nitrocellulose membrane filter to determine the leaching ratios of the radionuclides in the 166 
solution. The filtrate was diluted to 100 mL with 1 M HNO3, which was then used for -spectrometry 167 
to measure the activities of the radionuclides in the soluble fraction. To determine the leaching ratios 168 
of each radionuclide, the activities of 238U, 237Np, and 241Am in the filtrate solution were measured 169 
from the  peaks at 4.20, 4.79, and 5.49 MeV, respectively, in the spectra measured using a Si surface 170 
semiconductor detector (Model 7401, Canberra). The sample preparation for -particle spectrometry 171 
of the filtrate solution was conducted using the samarium co-precipitation method developed by 172 
Mitsugashira et al. [14]. The details of the sample preparation procedure have been discussed in our 173 
previous studies [6,9].  174 
 175 
3. Results and discussion 176 
3.1 Characterization of the simulated MCCI debris 177 
Figure 1 presents the XRD patterns of (a) the U-Ca-Si-O system’s starting materials, (b) the product 178 
synthesized by the heat treatment at 1600 °C in 10% H2, and (c) its magnified spectrum, along with 179 
the standard XRD patterns of the assigned phases from the Inorganic Crystal Structure Database 180 
(ICSD) [15]. The XRD patterns of the same system obtained by the heat treatment in 2% O2 are shown 181 
in Figure 2; those of the U-Zr-Ca-Si-O system are shown in Figure 3 (heat treatment in 10% H2) and 182 
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Figure 4 (heat treatment in 2% O2) in the same manner as Figure 1. For comparison, the heat treatment 183 
of simpler systems such as the U-O and U-Zr-O systems was also conducted under the same conditions 184 
as the simulated MCCI debris. The XRD patterns of the obtained products are shown in the 185 
supplementary materials: Figure S-1 (U-O system, heat treatment in 10% H2), Figure S-2 (U-O system, 186 
heat treatment in 2% O2), Figure S-3 (U-Zr-O system, heat treatment in 10% H2), and Figure S-4 (U-187 
Zr-O system, heat treatment in 2% O2).  188 
Figure S-1 shows that the UO2 phase is very stable under heat treatment in 10% H2 up to 1600 °C. 189 
On the contrary, UO2 is completely oxidized to U3O8 by the heat treatment in 2% O2 at 1200 °C for 1 190 
hour (Figure S-2), while U3O8 and UO2+x co-exist in the product obtained by the heat treatment in 2% 191 
O2 at 1600 °C. Guéneau et al. reported that U3O8 decomposes to UO2+x at temperatures of 1450 °C 192 
and above under this oxygen partial pressure [16], which explains the existence of UO2+x in our result 193 
at 1600 °C while the co-existence of U3O8 phase in the product indicates that the U3O8 decomposition 194 
reaction in our experiment did not reach the complete equilibrium state.  195 
In the U-Zr-O system (heat treatment in 10% H2), UO2 and monoclinic ZrO2 (m-ZrO2) are stable, 196 
and no phase change is observed at 1200 °C, as shown in Figure S-3 (b). On the other hand, a solid-197 
solution phase (ZryU1-y)O2+x is formed by the dissolution of Zr(IV) to UO2 phase by the heat treatment 198 
at 1600 °C, which can be inferred from the shift in the UO2 peaks to higher 2θ angles (Figure S-3 (d)). 199 
Due to the smaller ionic radius of Zr(IV) than that of U(IV) in the eight-coordination structure [17], 200 
the XRD peaks of UO2 shift to a higher angle when U(IV) is replaced by Zr(IV) in the UO2 structure. 201 
Kulkarni et al.[18] reported the lattice parameter change of the UO2 phase with y and x as, 202 
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a = 5.4704 – 0.21x – 0.30y  (1) 203 
for ZryU1-yO2+x, where a denotes expected lattice parameter (Å) of the solid solution. The lattice 204 
parameter of the product by the heat treatment at 1600 oC in 10 % H2 is calculated to be 5.4199 Å  205 
from the corresponding peaks in Figure S-3 (d) in the range of 2from 10 to 120 using “PDXL2” 206 
(RIGAKU). The x value of this product can be regarded as 0 since the heat treatment was conducted 207 
under the reducing condition (10 % H2). Therefore, the y value of this product is calculated to be 0.17 208 
by eq. (1). This y value clearly indicates the formation of a solid solution phase Zr0.17U0.83O2 by the 209 
heat treatment at 1600 oC, which is reasonable since the upper limit of y (= the solubility limit) at 1600 210 
oC is 0.4 according to the UO2-ZrO2 pseudo-binary diagram in the reducing condition [19].  211 
In the oxidative (2% O2) heat treatment of U-Zr-O sample, (ZryU1-y)O2, m-ZrO2, and t-ZrO2 are 212 
formed both at 1200 and 1600 °C, as shown in Figure S-4. The U3O8 phase is observed only in the 213 
products of the 1200 °C heat treatment, which is explained by the above-mentioned decomposition of 214 
U3O8 stating at 1450 °C. At 1200 °C, the Zr(IV) dissolution to UO2 phase is not observed in the 215 
reductive condition (in 10% H2), while it is observed in the oxidative condition (in 2% O2). This 216 
indicates that the progress of the solid-solution (ZryU1-y)O2+x formation depends not only on 217 
temperature but also on oxygen potential, and oxidative condition is favorable for it. The lattice 218 
parameter of the product by the heat treatment at 1600 oC in 2 % O2 is calculated to be 5.2854 Å from 219 
the corresponding peaks in Figure S-4 (d). Since the heat treatment of this product was done in the 220 
oxidative condition, the x value in (ZryU1-y)O2+x is larger than 0. The oxidation of UO2 doped with 221 
zirconium seems to proceed via the sequence: MO2  MO2+x  M4O9  U3O8 + MO2+x + ZrO2  222 
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U3O8 + ZrO2 (M = U + Zr), therefore, the x value limit should be 0.25. Based on this assumption, the 223 
obtained lattice parameter 5.2854 Å and x value 0.25 are substituted for a and x in Eq.(1), then, 0.44 224 
is obtained as y value of the product by the heat treatment at 1600 oC in 2% O2. This y value is larger 225 
than the above mentioned y value of the product obtained in the reducing condition at 1600 oC, and is 226 
close to the reported solubility limit 0.4 of Zr in (ZryU1-y)O2+x by Cohen et al.[19], which clearly 227 
indicates the more progress of the solid solution formation in the oxidative condition than in the 228 
reducing condition. It should be noted here that the reported solubility limit by Cohen et al. is for the 229 
reducing condition. The obtained result for the U-Zr-O system at 1200 °C is quite comparable to the 230 
results of our previous work [9]. 231 
In the simulated MCCI debris (U-Ca-Si-O system) obtained by the heat treatment in 10% H2 at 232 
1600 °C, only the UO2 phase is confirmed in the XRD pattern of the products and no peak shift is 233 
observed (Figure 1), indicating that UO2 does not interact with Ca or Si under this condition. On the 234 
contrary, under the heat treatment in 2% O2 at 1600 °C, a remarkable peak shift in the UO2 phase is 235 
observed in the XRD pattern of the product of U-Ca-Si-O system (Figure 2). This peak shift indicates 236 
that the U in UO2 structure could be displaced randomly by a smaller size cation Ca(II) into the UO2 237 
structure and form a solid-solution (CayU1-y)O2+x phase. To confirm the (CayU1-y)O2+x phase formation 238 
by this oxidative heat treatment, SEM-EDX analysis was conducted on this sample. The obtained SEM 239 
image, measured by the backscattered electron (BSE) mode, and the elemental mappings for U, Ca, 240 
and Si are shown in Figure 5. The U-rich part in the particle appears bright in the SEM image (Figure 241 
5 (a)), while the Si-rich part seems dark. The distribution of U (Figure 5 (b)) and that of Si (Figure 5 242 
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(d)) are clearly separated from each other, while the Ca distribution in Figure 5 (c) shows an 243 
overlapping with that of U for this particle. EDX composition analysis indicated that the element 244 
composition in the U-rich area was U : Ca : Si = 73 : 24 : 3 in atomic ratio, while that in the Si-rich 245 
area was U : Ca : Si = 0.4 : 0.0 : 99.6. This result is an evidence that the (CayU1-y)O2+x phase formed 246 
in this sample and caused the remarkable peak shift in XRD pattern of the UO2 phase in the XRD 247 
pattern shown in Figure 2. In the study of the interaction between the (U, Zr)O2 simulated debris and 248 
sea salt deposits in the temperature range of 815 to 1395 °C in Ar atmosphere, Takano et al. observed 249 
Ca diffusion into a cubic UO2 matrix, resulting in the formation of a solid-solution (CayU1-y)O2+x phase 250 
[20]. This supports our interpretation of the formed phases of the simulated MCCI debris (U-Ca-Si-O 251 
system) in this study. The optical image of the simulated MCCI debris obtained by the heat treatment 252 
in 2% O2 at 1600 °C is presented in Figure 6 with the image before heat treatment. The product (Figure 253 
6 (b)) appears to be a black-glossy in a melted state, which is completely different from the initial 254 
material showing brown color and powder state. This glossy surface was not observed in the MCCI 255 
debris (U-Ca-Si-O system) synthesized by reductive (10% H2) heat treatment at 1600 °C. The other 256 
products without glass like material formation were powder-like state. To understand what led to this 257 
glossy surface on the simulated MCCI debris obtained by the heat treatment in 2% O2 at 1600 °C, the 258 
same treatment was conducted for a simple mixture of CaCO3 and SiO2 (1:1 in molecular ratio) without 259 
UO2. The optical images of the initial material and the product are presented in Figure S-5. We observe 260 
that the fine white powder changes to clear and glass-like particles by the heat treatment. The CaO-261 
SiO2 pseudo binary phase equilibrium diagram calculated by Rannikko [21] indicates that Si-Ca-O 262 
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liquid phase is thermodynamically stable at 1600 oC in this system. Since a liquid phase formation at 263 
high temperature is necessary to form a glass phase after cooling, the phase equilibrium information 264 
supports the observed glass phase formation in Figure S-5. As a result, this simple experiment revealed 265 
that the glass-like material, which originated from the Ca and SiO2 mixture, resulted in the glossy 266 
surface on the simulated MCCI debris. Based on the SEM-EDX result presented in Figure 5 and Figure 267 
S-5, it is concluded that the solid-solution phase (CayU1-y)O2+x was coated or covered by a silica glass 268 
in the simulated MCCI debris synthesized by the heat treatment in 2% O2 at 1600 °C, which is believed 269 
to be an important characteristic state of MCCI debris.   270 
In the cladding material-added simulated MCCI debris (U-Zr-Ca-Si-O system) synthesized by the 271 
heat treatment in 10% H2 at 1200 °C, UO2 and m-ZrO2 were stable, and no phase change was observed 272 
in the XRD pattern, as shown in Figure 3 (b). On the other hand, the XRD pattern of the product at 273 
1600 °C (Figure 3 (d)) shows that two solid-solution phases, i.e., (ZryU1-y)O2+x and Ca0.15Zr0.85O1.85, 274 
were formed by the dissolution of Zr(IV) to UO2 phase and Ca(II) to t-ZrO2 phase, respectively; this 275 
can be inferred from the shift of the typical UO2 peaks and t-ZrO2 peaks in Figure 3 (d). The formation 276 
of (ZryU1-y)O2+x in this sample is comparable with the result of the heat treatment in 10% H2 at 1600 °C 277 
for the U-Zr-O system, as shown in Figure S-3 (d) and Table 2. For the oxidative heat treatment in 2% 278 
O2, a further peak shift in the UO2 phase is observed in the XRD patterns of the Zr-added simulated 279 
MCCI debris (U-Zr-Ca-Si-O system) as shown in Figure 4, indicating further progress of the solid-280 
solution formation in comparison with the product obtained by the reductive heat treatment. The UO2 281 
solid-solution, U3O8, and t-ZrO2 phases are identified in the XRD pattern of the product of the U-Zr-282 
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Ca-Si-O system treated in 2% O2 at 1200 °C (Figure 4(b)), while only the UO2 solid-solution phase is 283 
identified in that for the product at 1600 °C (Figure 4(d)). The appearance of the Zr-added simulated 284 
MCCI debris synthesized by the oxidative treatment at 1600 °C is very similar to the MCCI debris (U-285 
Ca-Si-O system) shown in Figure 6(b), i.e., black-glossy melt, while those glossy surfaces are not 286 
observed in the product at 1200 °C. The SEM image of the U-Zr-Ca-Si-O debris particles treated in 287 
2% O2 at 1600 °C and the elemental mappings for U, Zr, Ca, and Si are shown in Figure 7. The Zr 288 
distribution is well-overlapped with the U distribution, while the Si distribution is separated from those 289 
of U and Zr. It should be noted that Ca was distributed in both the U-Zr-rich area and Si-rich area in 290 
the particle. The EDX composition analysis indicates that the element composition in the U-Zr-rich 291 
area was U : Zr : Ca : Si = 41 : 42 : 15 : 2 in atomic ratio, while that in the Si-rich area was U : Zr : 292 
Ca : Si = 2 : 14 : 39 : 45. Further, no peak corresponding to the CaSiO3 phase is observed. These results 293 
indicate that the particle shown in Figure 7 (a) consisted of a solid-solution phase (CayZrxU1-y-z)O2+x 294 
and an amorphous calcium-silicate phase. The formation of the (CayZrzU1-y-z)O2+x phase in U-Zr-Ca-295 
Si-O system is reasonably supported by the results of the above-mentioned simpler systems, i.e., 296 
(ZryU1-y)O2+x and (CayU1-y)O2+x phases were formed by the same oxidative heat treatment in U-Zr-O 297 
and U-Ca-Si-O systems, respectively. Besides, the amorphous calcium-silicate phase existing in the 298 
Zr-added simulated MCCI debris by the oxidative treatment at 1600 °C is believed to be silica glass, 299 
because of the above discussion on the Ca-SiO2 interaction products shown in Figure S-5 by the same 300 
oxidative heat treatment. It is believed that this silica glass phase leads to the glossy surface in the 301 
simulated MCCI debris.  302 
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The identified phases from the results and discussion in this section are listed in the extreme right 303 
column of Table 2 for each sample.  304 
 305 
3.2 Leaching behavior of actinides from the simulated MCCI debris 306 
 To investigate the effect of the composition of MCCI debris and the redox conditions during debris 307 
formation on the leaching behavior of the actinides, leaching tests of the simulated MCCI debris and 308 
other simpler samples such as the U-Zr-O system were conducted in water at 25 C for 31 days. The 309 
leaching ratio of an element ‘M’ (= RM (%)) is defined by Eq. (1). 310 
    𝑅 % . 100    (1) 311 
AMsol. expresses the radioactivity of the element ‘M’ dissolved in the solution phase by the leaching 312 
test (the soluble fraction); this was measured by -particle (238U, 237Np, and 241Am) spectrometry of 313 
the filtrate solution separated from the residue by the above-mentioned suction filtration. AMtotal 314 
expresses the total radioactivity of the element ‘M’ initially in the simulated MCCI debris before the 315 
leaching test; this was calculated from the contained weight of the tracer-doped UO2 in the debris and 316 
the atomic abundance of Np and Am to U in the tracer-doped UO2 given in Table 1.  317 
First of all, it should be noted that the observed leaching of the actinides (U, Np, and Am) from the 318 
simulated debris was very limited and less than 0.4% for all experimental conditions in this study. The 319 
effect of the concrete components (Ca and SiO2) in the debris on actinide leaching was investigated 320 
by comparing the leaching ratios from the U-Zr-O system debris and those from the MCCI debris (U-321 
Zr-Ca-Si-O system) to water, where the used debris were synthesized at 1600 °C. The results of these 322 
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leaching tests are shown in Figure 8, where the red line indicates the detection limit of the leaching 323 
ratio by the experiment (= 0.01%). The pH values after the leaching tests are indicated in the graphs 324 
in Figures 8-10 as “pHfin.”. A significant increase in pH is observed only for the leaching test using the 325 
U-Zr-Ca-Si-O debris synthesized in the reductive atmosphere, where the alkaline source is believed to 326 
be CaO in the debris formed by the decomposition of CaCO3. This pH increase is not observed for the 327 
leaching test using the MCCI debris synthesized in the oxidative atmosphere, indicating that the Ca in 328 
the debris has been almost completely consumed by the formation of the solid-solution phase with 329 
UO2 and/or by the formation of the glass-like material with SiO2. It is obvious that the leaching of the 330 
actinides from the debris synthesized in oxidative condition (Figure 8(b)) is suppressed in comparison 331 
with that from the debris synthesized in reductive condition (Figure 8(a)), regardless of the existence 332 
of the concrete components. This result can be explained by the progress of the formation of the solid-333 
solution phases, (ZryU1-y)O2+x or (CayZrzU1-y-z)O2+x, by the oxidative heat treatment in comparison 334 
with that by the reductive treatment, as shown in Table 2. Since the dissolution of UIVO2(s) is the 335 
oxidative dissolution to uranyl(VI) ion (UVIO22+) by dissolved oxygen or other oxidants, the matrix is 336 
more stabilized when a part of U(IV) in the UO2 structure is substituted by a redox insensitive cation 337 
such as Zr(IV) or Ca(II). It should be noted that the existence of the concrete components (CaO and 338 
SiO2) in the debris remarkably suppressed the actinide leaching. As described in Section 3.1, the 339 
simulated MCCI debris synthesized at 1600 °C in oxidative condition were coated by a glossy glass-340 
like material as shown in Figure 6 and Figure S-5. Owing to this glass-like coating, it seems that the 341 
surface area of the debris contacting on the water phase decreased and the actinides were covered by 342 
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the glass. As a result, the actinide leaching from the simulated MCCI debris is effectively suppressed 343 
in comparison with that from the U-Zr-O system debris. The reported amount of actinides leached out 344 
from the real debris in the Fukushima NPP is so far very limited. For example, [235U] = (1.8 ± 0.2) 345 
×10-5 Bq/cm3 ≅ 2.3 × 10-7 g/L, [238U] = (1.7 ± 0.1) × 10-4 Bq/cm3 ≅ 1.4 × 10-5 g/L, and [241Am] = 346 
(2.7 ± 0.1) × 10-1 Bq/cm3 ≅ 2.1 × 10-9 g/L in a retained water sample (LI-3RB5-1) from the PCV of 347 
unit-3 [22], in which the formation of the glass-like material by the MCCI as shown in Figure 6 and 348 
Figure S-5 may play an important role in the effective suppression of the actinide leaching.    349 
The effect of the cladding material Zr in the debris on the actinide leaching was investigated by 350 
comparing the leaching ratios in the U-Ca-Si-O system debris and those in the U-Zr-Ca-Si-O debris 351 
to water, where the used debris were synthesized at 1600 °C. The results of these leaching tests are 352 
shown in Figure 9. Due to the extremely low actinide leaching (i.e., near the detection limit or lower), 353 
the effect of Zr in the debris is not observed in the leaching test using the debris synthesized in 354 
oxidative condition, as shown in Figure 9 (b). This seems a reasonable result since both the U-Ca-Si-355 
O system debris and the U-Zr-Ca-Si-O debris synthesized in oxidative condition at 1600 °C were 356 
coated by the glossy glass-like material as discussed in Section 3.1; therefore, the actinide leaching 357 
was effectively suppressed. On the contrary, the Zr effect is clearly observed in the leaching of U and 358 
Np from the debris synthesized in the reductive condition (Figure 9 (a)), where the glossy glass-like 359 
material was not formed in the MCCI debris. In this leaching test, more than 0.2% of U and Np were 360 
leached out from the U-Ca-Si-O debris, while 0.01% (i.e., the detection limit level) or a lower amount 361 
of U and Np were leached out from the U-Zr-Ca-Si-O debris. As described in Section 3.1 and 362 
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summarized in Table 2, no solid-solution phase was formed in the U-Ca-Si-O debris synthesized under 363 
the reductive condition; on the other hand, a solid-solution phase (ZryU1-y)O2+x was formed in the U-364 
Zr-Ca-Si-O debris under the same heat treatment. This Zr substitution of U in the UO2 matrix 365 
chemically stabilized the simulated debris so that the actinide leaching was remarkably suppressed.  366 
Finally, the effect of the heat treatment temperature on the actinide leaching was investigated by 367 
comparing the leaching ratios from the Zr-added MCCI (U-Zr-Ca-Si-O) debris synthesized at 1200 368 
and 1600 °C. The results are shown in Figure 10. Due to the very low leaching ratios (i.e., the level of 369 
the detection limit or lower, as shown in Figure 10(a)), the heat treatment temperature effect cannot 370 
be discussed for the leaching from the debris synthesized under the reductive condition (10% H2). On 371 
the contrary, a remarkable suppression effect on the actinide leaching due to the heat treatment 372 
temperature is observed in Figure 10(b), where the leaching ratios from the debris synthesized under 373 
oxidative condition (2% O2) at 1200 and 1600 °C are compared. The leaching ratios of U and Np from 374 
the debris synthesized at 1200 °C are obviously higher than those from the debris synthesized at 375 
1600 °C. This result can be explained by the difference in the matrix phases in the debris shown in 376 
Table 2: a part of the matrix of the debris synthesized at 1200 °C is U3O8 that has a higher solubility 377 
than UO2, while the main matrix of the debris synthesized at 1600 °C is a solid-solution phase 378 
(CayZrzU1-y-z)O2+x. Since Ca(II) and Zr(IV) are redox insensitive, the dissolution of these elements to 379 
the UO2 matrix chemically stabilizes the debris for the leaching. In addition, due to the formation of 380 
the glass like coating on the surface, the surface area of the debris synthesized at 1600 °C remarkably 381 
decreased compared with the debris synthesized at 1200 °C, which is also believed to suppress the 382 
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actinide leaching effectively. The same heat treatment temperature effect on the actinide leaching is 383 
observed in the leaching test of the simpler system, i.e., the U-Zr-O debris, synthesized under the 384 
oxidative condition.     385 
  386 
4. Conclusions 387 
To better understand the chemical properties of the MCCI debris generated by the Fukushima Daiichi 388 
NPP accident, we investigated the structure and the leaching behavior of U-O, U-Zr-O, U-Ca-Si-O, 389 
and U-Zr-Ca-Si-O systems of simulated fuel debris in which the actinide tracers 237Np and 241Am were 390 
doped. The debris were synthesized under reductive and oxidative atmospheres at 1200 and 1600 °C. 391 
The characterization results of the synthesized debris revealed that the crystal structure of the debris 392 
was changed by the composition, atmosphere, and temperature during the synthesis. Therefore, the 393 
leaching behavior from the debris was sensitive to the synthesis condition, although the actinide 394 
leaching ratios itself were very limited and less than 0.4% for all the experiments in this study. The 395 
existence of the concrete components (CaO and SiO2) in the debris remarkably suppressed the actinide 396 
leaching by forming a glass-like coating on the debris, which is supposed to play an important role in 397 
the leaching of the actinides from the real MCCI debris in the Fukushima NPP. Moreover, it was 398 
revealed that Zr and Ca formed solid-solution phases such as (ZryU1-y)O2+x, (CayU1-y)O2+x, and 399 
(CayZrzU1-y-z)O2+x which stabilized the matrix of the simulated debris. In consequence, the actinide 400 
leaching from the debris was suppressed. Since the effects of the initial elemental composition, the 401 
oxygen partial pressure, and the heat treatment temperature on the formed phases of the simulated fuel 402 
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debris were particularly focused in this study, the heat treatment time and other conditions were fixed 403 
to be constant. It seems that the time dependence of the heat treatment on the phase relation of the 404 
debris is an important topic to be investigated. That will be studied in our future work.  405 
Based on these experimental results, the formed MCCI debris in the Fukushima Daiichi NPP is 406 
expected to be chemically more stable to the leaching of the actinides (U, Np, and Am) than that from 407 
normal spent nuclear fuels, at least within the range of the conditions examined in this study. These 408 
results could assist TEPCO’s future action plan for the decommissioning of the damaged reactors. 409 
 410 
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Table 1. The atomic abundance of Np, and Am to U in the synthesized tracer-doped UO2. 
Element 238U 237Np 241Am 
Abundance  
to 238U 





Table 2. Composition, treatment condition, and identified phases of the synthesized simulated debris 
 
 














10 % H2 
1.0 
25 to 1000 oC :  
5.6 oC/min 
 
1000 to 1300 oC :  
5.0 oC/min 
 






2 % O2 U3O8 
1600
10 % H2 UO2 
2 % O2 U3O8, UO2+x 
U-Zr-O  
system 
UO2 : ZrO2 =1:1 
1200
10 % H2 UO2, m-ZrO2,  





10 % H2 
UO2, m-ZrO2,  
(ZryU1-y)O2,  
t-ZrO2 






UO2 : CaCO3 : SiO2 =1:1:1 1600
10 % H2 UO2 
2 % O2 (CayU1-y)O2 
U-Zr-Ca-Si-O  
system 
UO2 : ZrO2 : CaCO3 : SiO2  
=1:1:1:1 
1200
10 % H2 UO2, m-ZrO2 





10 % H2 
(ZryU1-y)O2, 
Ca0.15Zr0.85O1.85 
2 % O2 (CazZryU1-y-z)O2 
Figure captions     
 
Figure 1. XRD patterns of the simulated MCCI debris (U-Ca-Si-O system) synthesized 
in 10% H2. (UO2 : CaCO3 : SiO2 =1:1:1).. 
 
Figure 2. XRD patterns of the simulated MCCI debris (U-Ca-Si-O system) synthesized 
in 2% O2. (UO2 : CaCO3 : SiO2 =1:1:1). 
 
Figure 3. XRD patterns of the Zr added MCCI debris (U-Zr-Ca-Si-O system) 
synthesized in 10% H2. (UO2 : ZrO2 : CaCO3 : SiO2 =1:1:1:1). 
 
Figure 4. XRD patterns of the Zr added MCCI debris (U-Zr-Ca-Si-O system) synthesized 
in 2% O2. (UO2 : ZrO2 : CaCO3 : SiO2 =1:1:1:1). 
 
Figure 5. SEM image, and elemental mappings by EDX of the simulated MCCI debris 
(U-Ca-Si-O system) synthesized in 2% O2 at 1600 oC. (UO2 : CaCO3 : SiO2 = 1:1:1). 
 
Figure 6. Optical images of the simulated MCCI debris (U-Ca-Si-O system) synthesized 
by 2% O2 heat treatment at 1600 oC. 
 
Figure 7. SEM image, and elemental mappings by EDX of the Zr added MCCI debris 
(U-Zr-Ca-Si-O system) synthesized in 2% O2 at 1600 oC. (UO2 : ZrO2 : CaCO3 : SiO2 
=1:1:1:1). 
 
Figure 8. A comparison of the leaching ratios of the actinides between from U-Zr-O 
debris and from Zr added MCCI (U-Zr-Ca-Si-O) debris. (a): Debris synthesized in 10 % 
H2 at 1600 oC, (b): Debris synthesized in 2 % O2 at 1600 oC,  
Leaching test : for 31 days at 25 oC 
 
Figure 9. A comparison of the leaching ratios of the actinides between from the MCCI 
(U-Ca-Si-O) debris and from the Zr added MCCI (U-Zr-Ca-Si-O) debris. (a): Debris 
synthesized in 10 % H2 at 1600 oC, (b): Debris synthesized in 2 % O2 at 1600 oC,  
Leaching test : for 31 days at 25 oC 
 
Figure 10. A comparison of the leaching ratios of the actinides from the Zr added MCCI 
(U-Zr-Ca-Si-O) debris synthesized at 1200 oC and 1600 oC. 
 (a): Debris synthesized in 10 % H2, (b): Debris synthesized in 2 % O2,  










Figure 1. XRD patterns of the simulated MCCI debris (U-Ca-Si-O system) synthesized 



























Figure 2. XRD patterns of the simulated MCCI debris (U-Ca-Si-O system) synthesized 




























Figure 3. XRD patterns of the Zr-added MCCI debris (U-Zr-Ca-Si-O system) 


























(c) 1200 ℃ (magnified)
CaZrO3 No.00-035-0790
Ca0.15Zr0.85O1.85 No.01-084-1829
(e) 1600 ℃ (magnified)
 
 
Figure 4. XRD patterns of the Zr-added MCCI debris (U-Zr-Ca-Si-O system) 
synthesized in 2% O2 (UO2 : ZrO2 : CaCO3 : SiO2 = 1 : 1 : 1 : 1). 
  
















(c) 1200 ℃ (magnified)
















(a) SEM image by backscattered electron mode.   (b) U distribution mapping. 
 
 




Figure 5. SEM image and elemental mappings by EDX of the simulated MCCI debris 




























Figure 6. Optical images of the simulated MCCI debris (U-Ca-Si-O system) synthesized 








(a) SEM image by backscattered electron mode.   (b) U distribution mapping. 










(e) Si distribution mapping. 
 
Figure 7. SEM image and elemental mappings by EDX of the Zr-added MCCI debris (U-
Zr-Ca-Si-O system) synthesized in 2% O2 at 1600 °C (UO2 : ZrO2 : CaCO3 : SiO2 = 1 : 







Figure 8. Comparison of the leaching ratios of the actinides from U-Zr-O debris and from 
Zr-added MCCI (U-Zr-Ca-Si-O) debris. (a): Debris synthesized in 10 % H2 at 1600 °C, 
(b): Debris synthesized in 2% O2 at 1600 °C,  








Figure 9. Comparison of the leaching ratios of the actinides from the MCCI (U-Ca-Si-O) 
debris and from the Zr-added MCCI (U-Zr-Ca-Si-O) debris. (a): Debris synthesized in 
10% H2 at 1600 oC, (b): Debris synthesized in 2% O2 at 1600 oC,  




















Figure 10. Comparison of the leaching ratios of the actinides from the Zr-added MCCI 
(U-Zr-Ca-Si-O) debris synthesized at 1200 and 1600 °C. 
 (a): Debris synthesized in 10% H2, (b): Debris synthesized in 2% O2,  













































































Figure S-3. XRD patterns of the simulated debris (U-Zr-O system) synthesized in 10% 
H2 (UO2 : ZrO2 = 1 : 1). 
 
  
















(c) 1200 ℃ (magnified)





Figure S-4. XRD patterns of the simulated debris (U-Zr-O system) synthesized in 2% 
























(c) 1200 ℃ (magnified)
















Figure S-5. Optical images of the mixture of CaCO3 and SiO2 (1:1 in molecular ratio).  
(a) Initial material; (b) after heat treatment in 2% O2 at 1600 °C. 
 
